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AB STRACT

Cre ta ceous Late Yanshanian (LY) magmatism pro duced large amounts of I-type granitoids in the South east Coast

Mag matic Belt (SCMB). I-type granitoids from Xiaojiang-Liangnong com plexes (N Zhejiang) in the north ern part of this belt

are char ac ter ized by con tain ing abun dant mafic microgranular en claves (MMEs). On the ba sis of pe trog ra phy and min er al ogy,

two types of MMEs are rec og nized. One (Type 1), en closed in the granodiorite, is com posed of am phi bole, high-Ti tab u lar

bi o tite, plagioclase, K-feld spar, and quartz. Us ing the Al-in-am phi bole geobarometer, a shal low or i gin (4 - 8 km) of

am phi boles is sug gested. The other (Type 2), en closed in al kali feld spar gran ite, is am phi bole-free and com posed of low-Ti

acicular bi o tite, plagioclase, K-feld spar, and quartz. Geo chem is try of ma jor and trace el e ments seems to re flect two dif fer ent

evolv ing trends for these host granitoids. The Sr-Nd iso to pic fea tures in di cate that all the stud ied sam ples vary in a nar row

range of Isr (0.7078 to 0.7082) and eNd(T) (-5.6 to -8.3), ex cept the Type 2 en claves and hosts that show slightly more de pleted

com po si tions (Isr = 0.7073 to 0.7075 and eNd(T) = -5.0 to -6.0). U-Pb zir con ages ob tained are 109.6 ± 0.9 Ma for the

granodiorite and 113.5 ± 1.1 Ma for the al kali feld spar gran ite, with 103.2 ± 0.9 Ma for the Type 2 MMEs. In her ited ages of

117.0 ± 2.0 Ma and 119.8 ± 1.1 Ma seem to pres ent in the for mer two sam ples. Sim i lar i ties of min eral chem is try and iso to pic

com po si tion among the MMEs-host pairs as well as the youn ger age of MMEs sug gest that MMEs of Xiaojiang-Liangnong

com plexes most likely rep re sent mix ing/min gling prod ucts formed as a con se quence of the in tru sion of ba saltic magma into the 

host granitoids un der dif fer ent cool ing con di tions. Judg ing from the pres ence of in her ited zir con ages, the com po si tion gap

be tween high-Ti and low-Ti bi o tite in granodiorite and al kali feld spar gran ite, and lower zir con sat u ra tion tem per a tures for the

host granitoids (cal cu lated as 787°C and 763°C, re spec tively, for these two rock types), or i gin of the LY I-type granitoids in the

Xiaojiang-Liangnong com plexes is re lated to par tial melt ing of dif fer ent sources, with the preceding alkali feldspar granite

derived from more quartzofeldspathic and later granodiorite, from more mafic sources.
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1. IN TRO DUC TION

There are two fun da men tal the o ries for the evo lu tion of

I-type gran ites, as sim i la tion frac tional crys tal li za tion (AFC)

from a more mafic magma, which is ba si cally de rived from

the man tle and par tial melt ing of crustal ma te ri als. The for -

mer is a tra di tional one and adopted by many ig ne ous pe -

trologists with some means of mod i fi ca tion dur ing the course 

of AFC (e.g., Pitcher 1997). The lat ter is mainly ad vo cated

by those who fo cused on the ob ser va tion of the Pa leo zoic

gran ites of the Lach lan Fold Belt (LFB), SE Aus tra lia

(Chappell and White 1992; Chappell 1999). In ves ti ga tions

of LFB gran ites sug gested that I-type rocks fall into two

groups, formed at high and low mag matic tem per a tures

(e.g., Chappell et al. 1987). The dis tinc tion is made on the

ab sence or pres ence, re spec tively, of zir con with in her ited

ages in the more mafic rocks, and on the re lated dif fer ences

in Zr vari a tion pat terns with SiO2 (Chappell et al. 1998).

Stud ies on zir con sat u ra tion tem per a tures (TZr), cal cu lated
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from Zr con cen tra tion in zir con and bulk-rock com po si -

tions, also dem on strated that ini tial magma tem per a ture at

the source can be dis tin guished be tween the in her i tance-

 rich (mean 766°C) and in her i tance-poor (mean 837°C)

granitoids (Miller et al. 2003) and of fered im por tant in sight 

into the ther mal his tory of gra nitic bod ies.

Cre ta ceous granitoids in the South east Coast Mag matic

Belt (SCMB) be long to I-type cat e gory (Jahn et al. 1990;

Chen et al. 2000). Typ i cal ex am ples are the Fuzhou and

Zhangzhou ig ne ous com plexes in N and S Fujian, where the

for ma tion of more fel sic mem ber has pre vi ously been ex -

plained by frac tional crys tal li za tion from mafic suites (Mar -

tin et al. 1994; Chen et al. 2000). How ever, based on the

shal low in tru sion (5 - 7 km) of these gra nitic rocks and their

em place ment pre dat ing the A-type gran ites and rhyolites,

Chen et al. (2004, 2008) sug gested that they are more likely

de rived from crustal melt ing due to ba saltic underplating at a 

large de gree of lithospheric stretch ing. To fur ther as sess the

gran ite petro gen esis in this area, new ap proaches need to be

con ducted, such as an ex am i na tion of zir con U-Pb age or in -

ves ti ga tion on the mafic microgranular en claves (MMEs).

Since MMEs are rather com mon in calc-al ka line granitoids

(Didier 1991), they may pro vide ev i dence of the role of

mafic mag mas in the evo lu tion of calc-al ka line gra nitic mag -

mas and carry im por tant information interpreting the origin

of batholiths (Barbarin 2005).

In the Xiaojiang-Liangnong gra nitic com plexes of N

Zhejiang, or the north ern part of the SCMB (Fig. 1a), some

MMEs and spo radic mafic dikes are ob served. In this pa -

per, we con duct min eral chem is try, whole-rock geoche -

mistry (ma jor and trace el e ments), and iso tope anal y sis (Sr

and Nd) for both the MMEs and their host rocks to better

un der stand the char ac ter is tics and or i gin of these MMEs as

well as the Cre ta ceous granitoids in the SCMB. Ages re -

ported pre vi ously for the ma jor gra nitic plutons in N Zhe -

jiang were mainly the 40Ar/39Ar bi o tite dates (Chen et al.

1991). In this study, zir con U-Pb ages were also con ducted

for the host rocks of these MMEs. This helps to know the

em place ment time and zir con sat u ra tion con di tion of the

gra nitic magma, and to con strain the petro gen esis of gra -

nitoids in N Zhejiang through the in for ma tion of high or

low mag matic tem per a tures.

2. GEO LOG I CAL BACK GROUND AND SAM PLING

The SCMB, char ac ter ized by large amounts of the Late

Yanshanian I-type granitoids (ca. 110 - 99 Ma), is a NNE-

 trending mag matic belt about 900 km long and 150 km wide

in the coastal re gion of Zhejiang and Fujian prov inces

(Fig. 1a). In Fujian prov ince, i.e., the south ern part of the

SCMB, ages and pet ro log i cal, min er al og i cal, and geoche -

mical char ac ter is tics of the Fuzhou and Zhangzhou gra nitic

com plexes have been ex ten sively stud ied (Mar tin et al. 1994;

Lai 1995; Lapierre et al. 1997; Chen and Jahn 1998; Chen et

al. 2000, 2004). On the other hand, al though Xiaojiang and

Liangnong gra nitic com plexes in N Zhejiang are con sid ered

the equiv a lents in the north ern part of this belt, rel e vant data

are scarce. Con ven tion ally, four main lithologies in two se -

ries are rec og nized: the granodiorite-monzogranite as so ci a -

tion and the bi o tite gran ite-al kali feld spar gran ite as so ci a -

tion. Xiaojiang is mainly com posed of al kali feld spar gran ite 

with small amounts of granodiorite, and Liangnong is com -

posed of monzogranite, granodiorite, and bi o tite gran ite. Be -

sides which, the ig ne ous body of Longwangtang al kali feld -

spar gran ite to the south can be re garded as an ex ten sion of

the Xiaojiang main pluton (Fig. 1b).

Rel a tively, en claves are rare in Fujian, but rather com -

mon in Zhejiang I-type granitoids. Typ i cal en claves are ba si -

cally found in the granodiorite of Xiaojiang and Liangnong,

and in the al kali feld spar gran ite of Xiaojiang as well. The

Beizhang monzogranitic pluton ex posed be tween the Xiao -

jiang and Liangnong com plexes also con tains some en claves 

(Chen et al. 2005). How ever, these en claves oc curred dif fer -

ently in size; those that ap pear in the granodiorite mostly

range from sev eral to less than twenty cen ti me ters with a

well rounded to elon gated form (Fig. 2a), whereas those that
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Fig. 1. (a) The Cre ta ceous South east Coast Mag matic Belt (SCMB) in

the po si tion of Zhejiang and Fujian prov inces. (b) Geo log i cal map of

the Xiaojiang-Liangnong ig ne ous com plexes and the ad ja cent Long -

wangtang ig ne ous com plex and Beizhang pluton in N Zhejinag (mod i -

fied from BGMRZJ 1989). Sam ple num bers with a star de note en claves 

of the granitoids.

(a) (b)



ap pear in the al kali feld spar gran ite are gen er ally greater

than one me ter (Fig. 2b). In some places, en clave swarms

with acicular biotites in the lat ter type are ob served. All

these en claves are richer in mafic min er als than their gra -

nitoid hosts, and thus can be grouped as the mafic micro -

granular en claves (MMEs) (Didier 1991).

Li thol ogy of these MMEs var ies with their host rock as -

so ci a tions. On the ba sis of min er al ogy, two types of MMEs

are clas si fied: Type 1 for those con tain ing ev i dent horn -

blendes, en closed in the hornblende-abun dant granodiorite,

and Type 2 for those that have no such min eral and ap pear in

the hornblende-poor to hornblende-ab sent al kali feld spar

gran ite. To en vis age the re la tion ship be tween the MMEs and 

their hosts, rocks en clos ing these MMEs are the main tar get

of this study (Fig. 1b). It is noted that rock sam ples for zir con 

U-Pb dat ing are granodiorite and Type 2 MMEs from the

Xiaojiang com plex, and al kali feld spar gran ite from the

Long wangtang com plex.

3. AN A LYT I CAL METH ODS

Min eral com po si tions were an a lyzed us ing a Shimadzu-

 ARL EMX-SM7 elec tron microprobe equipped with four

chan nels of wave length dispersive spec trom e ter (De partment

of Geosciences, Na tional Tai wan Uni ver sity). The an a lyz ing 

con di tions were 15 KV ac cel er a tion po ten tial, 6 - 8 nA sam -

ple cur rent, and a beam spot ~10 mm in di am e ter. Data re duc -

tion is based on the ZAF cor rec tion pro ce dure (Chen and

Tung 1984). Am phi bole anal y sis is par tic u larly use ful for

the ap pli ca tion of the Al in the hornblende geobarometer and 

zir con anal y sis, for the cal cu la tion of zir con sat u ra tion tem -

per a ture. Data of the min eral com po si tion (ex cept zir con)

have been listed sep a rately (Yen 2005).

Dis crete zir con grains were embayed in the ep oxy resin

and grained and pol ished to a sur face suit able for U-Pb dat -

ing anal y sis. Cathodoluminescence (CL) im ages for zir cons

were ob tained us ing a JOEL JSM-6360LV scan ning elec tron 

mi cro scope at tached with a pan chro matic CL im ag ing sys -

tem (Gatan Mini-CL) at the Ac a de mia Sinica (Tai pei), in or -

der to char ac ter ize mor phol ogy and in ter nal struc tures of zir -

cons. U-Pb iso to pic ra tios and con cen tra tions of zir cons

were de ter mined on 40 mm di am e ter re gions of sin gle zir -

cons by la ser ab la tion-in duc tively cou pled plasma-mass

spec trom e try (LA-ICP-MS) at the De part ment of Geo sci -

ences, Na tional Tai wan Uni ver sity, fol low ing Chiu et al.

(2009). The ICP-MS used is an Agilent 7500s cou pled to the

UP213 la ser ab la tion sys tem (New Wave Re search/Mer -

chantek). 207Pb/206Pb, 206Pb/238U, 207Pb/235U, and 208Pb/232Th

ra tios cal cu lated us ing GLIT TER 4.0 soft ware (Macquarie

Uni ver sity) were cor rected us ing GJ-1 (Jack son et al. 2004)

as ex ter nal stan dard. The ref er ence Har vard zir con 91500

and Mud Tank (MT) zir con, used as un known sam ples,

Or i gin of Mafic Microgranular En claves (MMEs) 483

Fig. 2. Pho to graphs of field oc cur rence of mafic microgranular en claves (MMEs) in the Xiaojiang-Liangnong ig ne ous com plexes: (a) the Type 1

MMEs (darker por tion) in the granodiorite host; and (b) the Type 2 MMEs (darker por tion) in the al kali feld spar gran ite host, and pho to mi cro graphs of 

(c) Type 1 MMEs (20ZJ03) and (d) Type 2 MMEs (20ZJ12). Amp: am phi bole; Bio: bi o tite; Chl: chlorite; Ksp: K-feld spar; and Pl: plagioclase.

(a) (b)

(c) (d)



yielded a weighted mean 206Pb/238U age of 1062.1 ± 1.7 Ma

(n = 121) and 734.0 ± 2.4 Ma (n = 51), re spec tively, which

are in good agree ment with the rec om mended ages of 1061 ±

4.0 Ma and 731 ± 3.9 Ma (Jack son et al. 2004). Mea sured

com po si tions were car ried out com mon-lead cor rec tions us -

ing the pro ce dure of Andersen (2002). All the re ported ages

and the con cordia di a grams were made us ing ISOPLOT

(rev.3) (Lud wig 2003). In this study, weighted mean 206Pb/238U 

ages are adopted for con cor dant Phanerozoic zir cons (Comp -

ston et al. 1992), be cause such ages are more pre cise than
207Pb/235U and 207Pb/206Pb ages for zir cons youn ger than 1 Ga

(Wil liams 1998; Cawood et al. 2003). In Ta ble 1, the an -

alytical dat ing re sults are given.

Ma jor and trace el e ment abun dances of rock sam ples

were de ter mined at De part ment of Geosciences, Na tional

Tai wan Uni ver sity, by X-ray flu o res cence spec trom e ter (Lee 

et al. 1997) and in duc tively cou pled plasma-mass spec tro -

metry (ICP-MS). The an a lyt i cal pre ci sion and ac cu racy are

gen er ally better than 5% for most trace el e ments. Sr and Nd

iso tope com po si tions were mea sured us ing a FinniganÒ

MAT 262 mass spec trom e ter at the De part ment of Earth Sci -

ences, Na tional Cheng Kung Uni ver sity. The iso to pic ra tios

were cor rected for mass frac tion ation by nor mal iz ing to
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219. Long-term la -

bor a tory mea sure ments for SRM 987 Sr and La Jolla Nd

standards yield 0.710239 ± 0.000012 (n = 30) and 0.511847

± 0.000012 (n = 30), re spec tively. Se lected whole rock geo -

chem i cal and Sr-Nd iso to pic anal y ses are listed in Ta bles 2

and 3, re spec tively.

4. PE TROG RA PHY AND MIN ERAL
COM PO SI TIONS

The hornblende-abun dant granodiorite hosts of the Type

1 MMEs con sist of quartz (10 - 25 vol%), al kali feld spar (4 -

17 vol%), plagioclase (37 - 61 vol%), bi o tite (11 - 17 vol%),

hornblende (10 - 14 vol%), pyroxene (0.6 - 1.2 vol%) and

Fe-Ti ox ides (1 - 2 vol%). The hornblende-poor to horn -

blende-ab sent al kali feld spar gran ite hosts of the Type 2

MMEs con sist of quartz (27 - 39 vol%), al kali feld spar (33 -

59 vol%), plagioclase (5 - 22 vol%), bi o tite (1 - 10 vol%),

hornblende (0 - 8 vol%), and ac ces sory Fe-Ti ox ides.

Type 1 dioritic MMEs con sist of plagioclase (62 - 65 vol%),

hornblende (11 - 15 vol%), bi o tite (12 - 14 vol%), quartz (2 -

7 vol%), and al kali feld spar (2 - 5 vol%), with mi nor amounts

of clinopyroxene and orthopyroxene (al to gether 0 - 1.6 vol%) 

(Fig. 2c). Ac ces sory min er als are Fe-Ti ox ides, sphene and

ap a tite. It should be noted that one en clave sam ple (20ZJ31)

en closed in Xiaojiang granodiorite is quite dif fer ent from

typ i cal Type 1 MMEs. It con sists pre dom i nantly of ortho py -

roxene and clinopyroxene (Opx » Cpx and al to gether 56 vol%)

and plagioclase (41 vol%), with small amounts of bi o tite

(2.6 vol%) and Fe-Ti ox ides (0.4 vol%). This par tic u lar

MMEs sam ple, Type 1a, is ob vi ously gabbroic in com po si -

tion, and ex hib its a re ac tion rim in the con tact with the host

rock. Type 2 monzogranitic MMEs con tain euhedral plagio -

clase (32 - 42 vol%), subhedral al kali feld spar (28 - 31 vol%),

in ter sti tial quartz (22 - 26 vol%), and sig nif i cantly nee dle-

 like bi o tite (8 - 11 vol%). Ac ces sory min er als are sphene and 

Fe-Ti ox ides. They dif fer from the Type 1 MMEs by lack ing

hornblende and pyroxene and the pres ence of nee dle-like,

in stead of tab u lar, bi o tite (Fig. 2d). Min eral as sem blages in

Type 1 MMEs-host pair are iden ti cal; how ever, the MMEs

are gen er ally fine-grained and richer in mafic min er als than

their hosts. On the other hand, Type 2 MMEs are dom i nated

by plagioclase and al kali feld spar, whereas their hosts by

quartz and al kali feld spar. Be cause of the oc cur rence of en -

clave swarms with mafic dikes in the field and the horn -

blende-poor (0 - 5 vol%) char ac ter in min er al ogy, Beizhang

MMEs and host rocks are clas si fied into Type 2 as well.

As to the min eral chem is try, one strik ing fea ture is that

the chem i cal com po si tions of con stit u ents in the MMEs are

sim i lar to the same min eral in their host rocks. For ex am ple,

An con tent of plagioclase and Or con tent of al kali feld spar in 

Type 1 (An58-15 and Or92-73) and Type 2 (An30-12 and Or94-85)

MMEs gen er ally fall into the range of that in Type 1 (An58-20

and Or91-69) and Type 2 (An42-8 and Or88-20) hosts, re spec -

tively. Type 1a gabbroic MMEs con tain plagioclase (An85-47) 

with no al kali feld spar (Yen 2005). Sim i larly, over lap ping of 

hornblende and clinopyroxene com po si tions be tween Type 1

MMEs and their host rocks is also ob served (Yen 2005). The

am phi boles of Type 1 MMEs-host pair are calcic am phi -

boles (Leake 1978) with (Ca + Na) ³ 2.05, Na < 0.46, (Na +

K) < 0.60 and Si = 6.9 - 7.3 based on 23 ox y gen, and cha -

racterized by hav ing lower to tal Al con tents (< 6.5 wt%)

and me dium Mg val ues [Mg/(Mg + Fe) = 0.60 - 0.85]. Over -

all, they are com pa ra ble with the Fujian Cre ta ceous I-type

granitoids (Fig. 3a). Us ing the geobarometer of Schmidt

(1992), these am phi boles were formed at a lower pres sure of

~1 - 2.5 kb, same as the emplacing con di tion of ma jor ig ne ous 

com plexes in the south part of the SCMB (Chen et al. 2004).

There are no discernable compositional dif fer ences of

con stit u ent min er als in these two MMEs-host pairs. How -

ever, the high Ti (TiO2 > 4 wt%) and low Ti (TiO2 < 3.5 wt%) 

char ac ters are well pre served in the tab u lar and acicular bio -

tites in the Type 1 and Type 2 MMEs-hosts, re spec tively, al -

though Fe/(Fe + Mg) val ues of bi o tite from dif fer ent

MMEs-host pairs are in dis tin guish able (Fig. 3b). This phe -

nom e non is some what dis tinct from the case of Fujian I-type

granitoids, which re veal a com po si tion gap of Fe / (Fe + Mg) 

val ues, rather than Ti con tents, for the granodiorite- mon zo -

granite- syenogranite as so ci a tion and the al kali feld spar gra -

n ites. We sug gest that the bi o tite of Type 1 MMEs-host pair

have crys tal lized un der higher tem per a ture con di tion than

that of Type 2 pair due to higher con tent in Ti (Henry et al.

2005). The com po si tion of rep re sen ta tive zir cons, which has 

been des ig nated to cal cu late the TZr for the magma, var ies

with 66.8 - 62.8 wt% ZrO2, 1.81 - 1.22 wt% HfO2, and
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Fig. 3. Com po si tions of (a) am phi bole and (b) bi o tite for the Xiaojiang-Liangnong ig ne ous com plexes as com pared with those of the Fujian I-type

granitoids. The stip pled bar in bi o tite dis tri bu tion marks the compositional gap be tween Type 1 MMEs-host (TiO2 > 4.0 wt%) and Type 2 MMEs-host

(TiO2 < 3.5 wt%) pairs. Data sources of am phi bole and bi o tite are taken from Yen (2005) and dis tri bu tion fields of Fujian granitoids are from Lai

(1995).

(a) Amphibole (b) Biotite



< 0.11 wt% U3O8 for Xiaojiang granodiorite and 67.1 -

62.1 wt% ZrO2, 1.75 - 0.98 wt% HfO2, < 0.10 wt% U3O8,

and < 0.05 wt% ThO2 for Longwangtang al kali feld spar

gran ite (Ta ble 4).

5. AGE RE SULTS

40Ar/39Ar bi o tite ages re ported pre vi ously are 101 Ma

for granodiorite and monzogranite from Liangnong, and

110 Ma for bi o tite gran ite and al kali-feld spar gran ite from

Longwangtang (Chen et al. 1991). More re cently, Chen et al. 

(2005) re ported that the up per limit for Liangnong gran ites is 

ca. 113 - 110 Ma. Here we show the 206Pb/238U vs. 207Pb/235U

con cordia di a grams, ac com pa nied with rep re sen ta tive zir -

con CL im ages (Figs. 4a - c), for a granodiorite (XCH-3-1, or 

host of Type 1 MMEs) and a Type 2 MMEs (XC-4-1) from

Xiaojiang, and an al kali feld spar gran ite from Long wang -

tang (LHT-01-1, or host of Type 2 MMEs). These ages shall

be par tic u larly im por tant to un ravel the for ma tion time of

granitoids in N Zhejiang and pro vide in for ma tion for know -

ing the dif fer ence be tween the 40Ar/39Ar bi o tite and U-Pb

zir con age sys tems.
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(a) XCH-3-1

(b) XC-4-1

Fig. 4. Con cordia of U-Pb zir con ages and cathodoluminescence (CL) im ages of dated zir cons for (a) Xiaojiang granodiorite; (b) Xiaojiang Type 2

MMEs, and (c) Longwangtang al kali feld spar gran ite. The spot size of la ser beam bom bard ment on zir con CL im ages is ~40 mm. Note the smaller zir -

cons in the Type 2 MMEs yield only one sin gle age and the greater zir cons in both the granodiorite and al kali feld spar gran ite hosts yield two age

groups, with the older one as the in her ited age.

(c) LHT-01-1



Zir cons from sam ple XCH-3-1 are mostly euhedral with

good prism and pyr a mid faces, up to 150 - 300 mm long, and

have an elon ga tion ra tio (length to width ra tio) of 2 : 1 to 3 : 1.

Most grains are col or less and have the trans par ency vary ing

from clear to cloudy. Euhedral con cen tric zon ing is com mon

in most crys tals and a few in her ited dark cores are ob served in 

the CL im ages. On the ba sis of thirty-two grain anal y ses, sam -

ple XCH-3-1 yields two sig nif i cant U-Pb zir con ages: 117.0 ±

2.0 (n = 8; MSWD = 2.0) and 109.6 ± 0.9 Ma (n = 24; MSWD

= 4.0) (Fig. 4a). The old age, mea sured ei ther from dark cores

of the crys tal in CL im ages or rounded sin gle grain, is in ter -

preted as the in her ited zir con age. On the other hand, zir cons

from Xiaojiang Type 2 MMEs (sam ple XC-4-1) are sig nif i -

cantly long-pris matic and euhedral with com mon con cen tric

zon ing. They are col or less, rel a tively trans par ent and mainly

be tween 110 - 200 mm in length with an elon ga tion ra tio of

3 : 1 to 4 : 1. Thirty zir con sep a rates yield a sin gle U-Pb age of

103.2 ± 0.9 Ma (n = 30; MSWD = 4.7) (Fig. 4b). With the

large amount of zir con an a lyzed, sam ple XC-4-1 is dem on -

strated to be free from in her i tance of zir cons.

Zir con sep a rates from Longwangtang al kali feld spar

gran ite (sam ple LHT-01-1) are mostly euhedral and range

be tween 150 and 300 mm in length with an elon ga tion ra tio

of 2 : 1 to 3 : 1. They are mainly col or less with the trans par -

ency vary ing from clear to cloudy. Al though some grains

show sig nif i cant os cil la tory zones, the ma jor ity of Long -

wang tang zir con sam ples are vir tu ally non-lu mi nes cent. A

to tal num ber of nine teen zir con grains have been sub jected

to the U-Pb zir con age dat ing. Among them, fif teen anal y ses

can de fine a U-Pb age of 113.5 ± 1.1 Ma (n = 15; MSWD =

3.5), and four anal y ses yield an older age of 119.8 ± 1.1 Ma

(n = 4; MSWD = 0.97) (Fig. 4c). Again, the lat ter is in ter -

preted to be in her ited zir con age.

6. GEO CHEM IS TRY

Types 1 and 2 MMEs have a nar row range of SiO2 con -

tent vary ing from 55 - 57 and 62 - 68 wt%, re spec tively; in

ad di tion, the Type 1a (gabbroic) MMEs has an ex tremely

low SiO2 con tent (45.4 wt%) (Ta ble 2). With the SiO2

content vary ing from 60 - 63 wt% for granodiortie and 70 -

79 wt% for bi o tite gran ite-al kali feld spar gran ite, their host

rocks are ap par ently marked with pau city of SiO2 at 63 -

70 wt%. The en clave (SiO2 = 54 - 62 wt%)-monzogranite

host (SiO2 = 70 - 73 wt%) pair in Beizhang is closer to the

Type 2 MMEs-host in the geo chem i cal as pect (Chen et al.

2005), con form ing to the min er al og i cal clas si fi ca tion scheme

men tioned above. In the K2O vs. SiO2 plots (Fig. 5), all the

stud ied rocks be long to high-K calc-al ka line se ries, ex cept

the Type 1a and Type 2 MMEs, which are mostly in the me -

dium-K field. Granitoids in N Zhejiang are meta lu minous

to slightly peraluminous with mo lec u lar A/CNK ra tio ranges 

from 0.90 to 0.95 in the Type 1 hosts and from 1.02 to 1.16 in 

Type 2 hosts. The en claves have A/CNK val ues lower than

that of the re spec tive host gran ites, i.e., 0.77 to 0.87 in Type

1 MMEs and 0.98 to 1.14 in Type 2 MMEs (Ta ble 2). In the

Harker’s vari a tion di a grams (Fig. 6), all the MMEs and host

gran ites (ex cept Type 1a gabbroic MMEs) can de fine a de -

creas ing trend for Al2O3, TiO2, CaO, MgO, P2O5, and Sr, but

the in creas ing trend for Rb and Nb is not clear. Par tic u larly

in the Zr, Ba, and La vs. SiO2 plots (Fig. 7), de creas ing vari a -

tion trends are ob vi ous only in the bi o tite gran ite-al kali feld -

spar gran ite as so ci a tion. More over, the primative man tle-

 nor mal ized multi-el e ment vari a tion di a grams show dis tinc -

tive dis tri bu tion pat terns for granodiorites (mafic gran ites)

and bi o tite gran ites-al kali feld spar gran ites (fel sic gran ites),

with the lat ter be ing rel a tively en riched in Rb, Th, U, Nb, Ta, 

HREE, and de pleted in Ba, Sr, P, Eu, and Ti (Fig. 8). It is

noted that both the Types 1 and 2 MMEs have sim i lar dis tri -

bu tion pat terns over lap ping the granodiorite field if they

were de picted in the same di a gram.

Age-cor rected Sr and Nd iso to pic ra tio plots for MMEs

and host rocks of Xiaojiang-Liangnong com plexes are shown 

in Fig. 9 (n = 13 in Ta ble 3), in which those for Cre ta ceous

granitoids in SCMB are also pre sented (Lapierre et al. 1997;

Chen et al. 2004). When all these data are com pared, two im -

por tant fea tures are noted. (1) The en claves gen er ally ex hibit 

sim i lar Sr and Nd iso to pic com po si tions to their host rocks:

Type 1 MMEs (in clud ing Type 1a gabbroic en clave) in

Xiao jiang (Isr = 0.7078 ~ 0.7079; eNd(T) = -5.6 ~ -5.9) and

their hosts (Isr = 0.7078 ~ 0.7079; eNd(T) = -5.8 ~ -6.5);

Type 1 MMEs in Liangnong (Isr = 0.7081; eNd(T) = -8.3)

and their hosts (Isr = 0.7082; eNd(T) = -7.1); Type 2 MMEs

in Xiaojiang (Isr = 0.7073 ~ 0.7075; eNd(T) = -5.0 ~ -5.2)

and their hosts (Isr = 0.7073; eNd(T) = -5.2 ~ -6.0). (2) In

gen eral, all the stud ied sam ples are com pa ra ble with the

I-type granitoids in the SCMB. Dif fer ences of Sr-Nd iso to -

pic com po si tions be tween Liangnong com plex (Isr = 0.7079

~ 0.7082; eNd(T) = -5.8 ~ -7.1) and Xiaojiang com plex (Isr

= 0.7073 ~ 0.7079; eNd(T) = -5.2 ~ -6.5) are small, they as a

whole are more en riched than the Fujian granitoids.

7. DIS CUS SION

7.1 Zir con Sat u ra tion Tem per a ture of Gran ites and
Their Cool ing Rates

In the gra nitic suites, Zr (usu ally ac com pa nied by Ba

and REE) rises from low val ues to a max i mum at a lit tle be -

low 70% SiO2, then falls back to low val ues for high tem per -

a ture suites. Only in the low tem per a ture I-type or the S-type

gran ite suites, Zr has a lin ear vari a tion (usu ally neg a tively

cor re lated) against SiO2 (Chappell et al. 1998). Based on the

restite model, Chappell (2003a) ad vo cated that the in flected

trends of Zr is ev i dence show ing that high-tem per a ture

I-type gran ite magma was not sat u rated in zir con dur ing the

first part of its evo lu tion, but be came sat u rated near the point 

of Zr in flec tion. In this re gard, the high tem per a ture gran ite

mag mas were pro duced by the par tial melt ing of mafic
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source rocks, and the low tem per a ture gran ites re sulted from 

the par tial melt ing of quartzofeldspathic rocks. There fore,

the use of zir con sat u ra tion tem per a ture based on age in her i -

tance, along with the bulk rock geo chem i cal dis tinc tions,

pro vides an ef fec tive test of whether a par tic u lar I-type suite

evolved ei ther by frac tion ation of restite or in some other

way (Chappell 2003b).

In N Zhejiang, ver i fy ing the ex is tence of in her ited cores

on zir con for both the granodiorite and the al kali feld spar

gran ite is dif fi cult un less a smaller beam size of age deter -

mina tion (such as us ing the ion probe) is ap plied. Judg ing

from the slight age dif fer ence in the few grains that have

been de ter mined with the core-rim sites (Figs. 4a, c), we sug -

gest that older ages ob tained from these two host rocks rep -

re sent the core age of some zir con grains. A sim i lar phe nom -

e non is pre sented in the neigh bor ing Julipin rhyolites, in

which the 101 Ma zir cons are of ten ac com pa nied by a 130 Ma 

core (Chen et al. 2008). On the other hand, the elon gated zir -
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Fig. 6. Harker’s vari a tion di a grams of some ma jor and trace el e ments for the Xiaojiang-Liangnong granitoids and ad ja cent plutons, and their en claves. 

Sym bols are same as in Fig. 5. Note that a de creas ing P2O5 with the in creas ing SiO2 is not con sis tent with frac tion ation of crys tal in the I-type melt

(Chappell and White 1992).

(a) (b) (c)

(d) (e) (f)

(g) (h)

Fig. 5. The K2O vs. SiO2 di a gram for the Xiaojiang-Liangnong gra -

nitoids (mafic gran ites: SiO2 < 70 wt%; fel sic rocks: SiO2 > 70 wt%)

and ad ja cent pluton, and their en claves. Dis tri bu tion fields of Fujian

mafic dikes and Zhejiang bas alts are taken from Chen et al. (2008).



cons from Type 2 MME yield one sin gle age in spite  a larger

num ber of sam ples hav ing been con ducted (Fig. 4b). These

are the zir cons with out in her ited cores. Al though the be -

haviors of Zr, Ba and La show an in flec tion at 69 wt% SiO2

(Figs. 7a - c), in di cat ing that these gra nitic rocks as a whole

may be high tem per a ture I-type gran ites of Chappell’s clas -

si fi ca tion scheme, how ever, con straints set by min eral che -

m is try, par tic u larly biotites, re veal that only the granodiorite

could be of the high-tem per a ture cat e gory, and the al kali

feld spar gran ite is un cer tain by hold ing low-Ti biotites.

A di rect as sess ment of the tem per a ture for gra nitic mag -

mas is the use of zir con sat u ra tion tem per a ture (Miller et al.

2003). This is made by com par ing the Zr con tents be tween
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(a)

(b)

Fig. 7. Zr, Ba, and La vs. SiO2 di a grams for the Xiaojiang-Liangnong

granitoids and ad ja cent plutons, and their en claves. Sym bols are same

as in Fig. 5. Al though there is a gen eral neg a tive cor re la tion be tween

these el e ments and SiO2 for the fel sic rocks (SiO2 > 70 wt%), the lack

of an ob vi ous pos i tive cor re la tion for the more mafic rocks (SiO2 <

70 wt%) to cause an in flec tion (Chappell et al. 1998) for the

Xiaojaing- Liangnong granitoids pre cludes the pos si bil ity of a high

tem per a ture suite.

(c)

Fig. 8. Prim i tive man tle-nor mal ized multi-el e ment vari a tion di a grams

for mafic and fel sic gran ites of the Xiaojiang-Liangnong ig ne ous com -

plexes. The nor mal iz ing val ues are from McDonough and Sun (1995).

Fig. 9. Sr-Nd iso to pic vari a tions for the Xiaojiang-Liangnong gra -

nitoids and their en claves as com pared with other Cre ta ceous gra ni -

toids in the SCMB (Lapierre et al. 1997; Chen et al. 2004), Late Ju ras -

sic S China granitoids (Hsieh et al. 2008) and Fujian mafic dikes and

Zhejiang bas alts (our un pub lished data). TTG: Trondhjemite- tonalite-

 granodiorite; XJ: Xiaojiang com plex; LN: Liangnong com plex; LWT:

Longwangtang com plex.



the zir con rims and the host rock un der the pres ence of in her -

ited zir cons to en sure sat u ra tion in Zr, and the use of the

whole-rock bulk com po si tion (Wat son and Har ri son 1983).

Ac cord ingly, TZr cal cu lated for the Xiaojiang granodiorite

and Longwangtang al kali feld spar gran ite are 790 - 785°C

(mean 787°C) and 767 - 761°C (mean 763°C), re spec tively.

As for the Type 2 MMEs sam ple, the tem per a ture is not

avail able be cause the pa ram e ter for the whole-rock bulk

com po si tion is away from the rec om mended value of this

ther mom e try. These re sults re veal that, al though the more

mafic granodiorite was emplaced with a higher tem per a ture

than the fel sic al kali feld spar gran ite, they are more akin to

the low tem per a ture gran ites, which have a mean TZr of

766°C (Miller et al. 2003).

Based on the U-Pb zir con and 40Ar/39Ar bi o tite age data,

the high tem per a ture ther mal his tory of the Xiaojiang-

 Liang nong ig ne ous com plexes can be es ti mated. Mag mas of 

granodiorite with a tem per a ture of 790°C (TZr) emplaced at

110 Ma and cooled to 300°C (the block ing tem per a ture of

bi o tite; Wil liams 2001) at 101 Ma. Ac cord ingly, a cool ing

rate of ~54°C myr-1 is ob tained for the more mafic gra nitic

suite in N Zhejiang. On the other hand, the cool ing rate of

fel sic gran ite can be in ferred by the Longwangtang pluton. A 

more rapid rate of ~93°C myr-1 is ob tained by tak ing the al -

kali feld spar gran ite with a tem per a ture of 767°C (TZr) em -

placed at 114 Ma and cooled to 300°C at 109 Ma. Neigh bor -

ing plutons can dis play con trast ing cool ing rates be tween

the ini ti a tion and later stages of one mag matic cy cle. For

exam ple, the cool ing rate of the Changtai pluton (Zhang -

zhou ig ne ous com plex, S Fujian) at tem per a ture higher than

400°C is > 300°C Myr-1, whereas the ad ja cent Kunon pluton

that in truded at a slightly later time drops down to 40°C Myr-1

(Tien et al. 1997). Nu mer i cal sim u la tion sug gests that ex tra

heat source lead ing to a high geo ther mal gra di ent is nec es -

sary to ac count for a slow cool ing rate of 40°C Myr-1 in the

case of Kunon pluton (Lu et al. 1999). This in fers that plu -

tons with slower cool ing rates in the ther mal re gime of the

SCMB dur ing 114 - 100 Ma could have been ac com pa nied

by ba sic magma underplating.

7.2 Or i gin of MMEs in the Xiaojiang-Liangnong
Granitoids

It is gen er ally ac cepted that the or i gin of en claves in

granitoids can be ge net i cally dif fer en ti ated into four types:

xenolithic, restitic, magma seg re ga tion, and magma mix ing/

min gling (Didier 1991). Ba si cally, the xenolithic and restitic

en claves rep re sent the cap tured coun try rocks and res i dues

af ter melt ing, re spec tively, at the time when magma em -

placed, and the magma seg re ga tion en claves are cumulates

of mafic min er als dur ing the magma evolv ing stage. The

rest, as char ac ter ized by the microgranular tex ture, abun dant 

mafic min er als and spe cific petrographic fea tures like aci -

cular bi o tite and ap a tite, quartz ocelli and poikilitic feld spar

are mostly as cribed to the pro cess of magma mix ing/min -

gling. How ever, the endmember com po nents of mag matic

hy brid iza tion vary from place to place, and in some cases

such MMEs are dif fi cult to dis tin guish from restites if the

gra nitic magma was formed by par tial melt ing of crustal ma -

te ri als that were com posed of pre-ex ist ing granitoids (Chap -

pell and White 1992).

The role of MMEs in the petro gen etic model for the

generation of gra nitic mag mas is di verse. The gen eral lack

of MMEs in mafic gran ites can be taken to in di cate I-type

char ac ter; and if there is any, a restite or i gin is fa vored

(Chappell and White 1992). MMEs have also been in ter -

preted as the man tle-de rived mafic magma that can mix with

a fel sic magma orig i nat ing from the melt ing of the para -

gneiss to pro duce the Hercynian synorogenic monzogranites 

in the Livradois area of the French Mas sif Cen tral (Solgadi

et al. 2007) and gran ites in the Nelas area, cen tral Por tu gal

(Silva et al. 2000). On the other hand, MMEs and host gra -

nitoids of the cen tral Si erra Ne vada batholith (Cal i for nia)

are con sid ered as cogenetic, hy brid rocks that were pro -

duced by the mix ing of the same two com po nents (de rived

from crustal ma te ri als and up per man tle, re spec tively) in dif -

fer ent pro por tions (Barbarin 2005). Hy brid iza tion can oc cur

in both the magma con duits and gra nitic magma cham bers as 

dem on strated in the Kam eruka pluton of the Lach lan Fold

Belt (S Aus tra lia) (Col lins et al. 2000), or in the fel sic

magma cham ber alone as the case in the Mio cene Chenar

granitoids stock, NW Kerman (Iran) (Arvin et al. 2004).

In the Xiaojiang-Liangnong com plexes, two main fea -

tures are ob served be tween the MMEs and their hosts: (1)

min eral com po si tions of pyroxene, feld spar, bi o tite, and

hornblende are nearly iden ti cal (Yen 2005; Figs. 3a - b); and

(2) they, in clud ing the Type 1a (gabbroic) MMEs, share

similarities of the Sr and Nd iso to pic com po si tions. On the

contrary, dis sim i lar i ties also ex ist. For in stance, other than

the granitoids, which are all high-K calc al ka line rocks, the

Type 2 MMEs fall into the me dium-K calc-al ka line field

(Fig. 5). Also, judg ing from the non-lin ear re la tion ship be -

tween Type 2 MMEs and host rocks in Zr, Ba, and La (Fig. 7), 

these MMEs are more likely to be of ex otic or i gin rel a tive to

the al kali feld spar gran ites. Ac cord ingly, Type 2 MMEs are

best ex plained as the mix ing/min gling prod ucts of two com -

po nents, one is the magma of al kali feld spar gran ite host and

the other is the magma that in truded into the al kali feld spar

gran ite at 103 Ma in a form of mafic dike. This is con sis tent

with the fact that ba saltic ac tiv ity has been pre vail ing dur ing

110 - 97 Ma in N Zhejiang, as ex em pli fied by the bi modal

ba saltic erup tion and mafic dike in jec tion into rhyolites

(Lapierre et al. 1997; Chen et al. 2008). The mafic dike is

most likely a stream of magma in jec tion from the ba sic

under plating. Re fer ring to the re la tion ship be tween Type 2

MMEs and host, we sug gest that Type 1 MMEs are like wise

the prod ucts gen er ated from the in jec tion of mafic dike into

the granodiorite. Sim i larly, mix ing/min gling be tween mag -
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mas of mafic dike and granodiorite ex plains the or i gin of

Type 1 MMEs. The granodioritic body could have been kept

in a plas tic state un der a high geo ther mal gra di ent since the

time of em place ment, and fur ther heated by the ba saltic

mag mas when Type 1 MMEs were formed. As to the dis tinct 

Type 1a gabbroic MMEs, which pos sess ex tremely abun dant 

py rox enes (> 56 %) and more ba sic geo chem i cal char ac ter -

is tics (SiO2 = 45 wt%) than other stud ied MMEs, we sug gest 

that they rep re sent cumulates crys tal lized from the in truded

ba sic magma.

Re lated pro cesses could also have in volved frag men ta -

tion and par tial hy brid iza tion of “synplutonic” mafic dikes.

The term “synplutonic” de notes that the host pluton has not

yet to tally so lid i fied at the time of dike in jec tion. This kind

of hy brid ized pro cess has pre vi ously been de scribed in the

case of the Si erra Ne vada batholith (Cal i for nia) by Barbarin

(2005). Mafic magma was in jected into an open sys tem in

which granitoid magma was al ready mov ing up ward, so that

there was not enough time to thor oughly mix with the host

and was dis rupted into small scat tered blobs (e.g., Type 1

MMEs) in the mov ing granitoid magma. Dur ing as cent and

em place ment, min gling con tin ued and in ter ac tion be tween

granitoids and MMEs in volved ther mal, min eral, and che -

mical trans fers. Lo cal mixings ex plain the sim i lar min era -

logy and geo chem is try of MMEs-granitoid pair. Our Sr and

Nd iso tope data fur ther sug gest even the pos si bil ity of iso -

topic ho mo ge ne ity. The sim i lar ity of Sr and Nd iso tope

compo si tions may in di cate that the MMEs have been largely 

mod i fied by the granodiorite host.

Usu ally, dur ing hy brid iza tion, a chilled mar gin is formed

on the hot ter ba sic mem ber lead ing to a de creas ing amount

of mafic min er als away from the con tact mar gin (Kadio�lu

and Güleç 1999). This phe nom e non is sim ply be cause mafic

dikes had in truded into a low-tem per a ture al kali feld spar

gran ite, which in turn, led to a dras tic cool ing rate pre vent ing 

the crys tal li za tion of high tem per a ture mafic min er als such

as hornblendes in Type 2 MMEs. The large tem per a ture con -

trast be tween the in jected mafic dike and the host rock is cru -

cial for gen er at ing quench ing crys tals of bi o tite as there is no 

such kind of bi o tite in the Type 1 MMEs. We sug gest that

hybridization had taken place more vig or ously due to the

smaller grain size of min eral con stit u ents. The close ness of

Sr and Nd iso to pic com po si tions of Type 2 MMEs and their

hosts is the sup port ive ev i dence.

7.3 Or i gin of N Zhejiang I-Type Gran ites and
Tec tonic Evo lu tion in the SCMB

When deal ing with the or i gin of Xiaojiang-Liangnong

gran ites, all the Cre ta ceous granitoids and the tec tonic set ting

that gov erned the gen e sis of gra nitic mag mas in the SCMB

must be taken into con sid er ation. Three stages of magmatism

are rec og nized for the Late Yanshanian orog eny. The ear li est

magmatism can be re vealed by the 130 - 110 Ma com pres -

sional stage re sult ing in the trondhjemite- tonalite- grano di -

orite as sem blage emplaced at 18 - 24 km. These rocks were

in ter preted as re sult ing from par tial melt ing of deep ened

high-Al gab bro that prob a bly rep re sents relicts of the Ju ras sic

underplate (Chen et al. 2004). On the other hand, A-type

rocks in the SCMB, oc curred as near-sur face gran ites and

rhyolites, ap peared in a time span largely con cen trated at 94

- 81 Ma. They are emplaced and erupted as a con se quence of

pro gres sive lithospheric ex ten sion to 60 - 70% of the orig i nal

thick ness (Chen et al. 2008). These two kinds of rock as -

sembly thus rep re sent the syn- and post- collisional en vi ron -

ments of the Late Yanshanian orog eny, re spec tively.

Xiaojiang-Liangnong gran ites, emplaced dur ing 114 -

110 Ma, are char ac ter ized by shal low in tru sions of high-K

calc-al ka line I-type granitoids at 4 - 8 km. Time and depth of

magma em place ment of Xiaojiang-Liangnong gran ites are

very sim i lar to the Fuzhou com plex in north and Zhangzhou

com plex in south Fujian. Al to gether, they can de fine a mag -

matic stage dur ing the LY oro gen esis by the dif fer ent rock

as so ci a tion and prob a bly a tran si tional tec tonic en vi ron ment 

from syn- to post-col li sion. Our ear lier works, based mainly

on the study of Fuzhou and Zhangzhou ig ne ous com plexes

in Fujian, sug gested that the diorite-monzogranite-gran ite

as so ci a tion in the SCMB be longs to I-type granitoids in the

extensional tec tonic set ting (Chen et al. 2000, 2004; Hsieh et 

al. 2008). In fact, al kali feld spar gran ites and peralkaline

A-type gran ites are closely re lated to these I-type granitoids

in space, and some al kali feld spar gran ites were cat e go rized

as the aluminous A-type gran ites (e.g., Qiu et al. 2004).

Com bin ing with the geo chem i cal and iso to pic com po si tions

of A-type rocks (gran ites/rhyolites) that post dat ing these

I-type granitoids in this mag matic belt, Chen et al. (2008)

pos tu lated that such rocks were de rived from par tial melt ing

of hy drous, mafic to in ter me di ate rocks in the crust (Rob erts

and Clem ens 1993) as con stantly heated by the underplated

mafic magma. Nev er the less, mix ing be tween crust- and

man tle-de rived mag mas, as ex em pli fied by the 125 - 115 Ma 

Pingtan com plex in NE Fujian (Grif fin et al. 2002), can not

be to tally ruled out. Un der this model, ba saltic mag mas were 

the ma jor heat sup plier, and able to be largely re tained in the

base of the lower crust or trapped by the highly vis cous in ter -

me di ate to acidic melts in the mid dle to up per crust.

It seems to be a com mon fea ture that I-type gran ites in

the SCMB can be sep a rated into two lines of mag matic evo -

lu tion based on the bi o tite com po si tions. The case of Fuzhou 

and Zhangzhou ig ne ous com plexes in Fujian re veals that

their lithologies were largely con trolled by crys tal frac tion -

ation among granodiorite, monzogranite and syenogranite,

and al kali feld spar gran ites, and hence their biotites vary

sym pa thet i cally be tween Ti con tents and Fe val ues in two

trends (Fig. 3b). Sim i larly, the dis con ti nu ity of bi o tite com -

po si tions at fixed Fe val ues for granitoids in N Zhejiang is an 

in di ca tion that two host rocks, the granodiorite and the al kali 

feld spar gran ite, were de rived from dif fer ent sources. Zir con 
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sat u ra tion tem per a tures cal cu lated for these two se ries of

gra nitic rocks, 787°C and 763°C, re spec tively, in di cate that

they are more likely the low tem per a ture I-type gran ite. This

is fur ther sup ported by the pres ence of zir con in her i tance

(Figs. 4a, c) and the lack of as so ci ated min er al iza tion

(Chappell et al. 1998).

Geochemically, MMEs and hosts show lin ear trends for

var i ous el e ments on Harker di a grams (Figs. 5, 6, and 7).

Chappell (2003a) sug gested such lin ear trends are not con -

sis tent with a mech a nism of crys tal frac tion ation, and ar gued 

that the crys tal has been en trained in the melt caus ing resitite

crys tal frac tion ation, with dif fer ent de grees of min eral sep a -

ra tion of fel sic melt and mafic re sid ual ma te rial pro duc ing

lin ear cor re la tions be tween el e ments. Only in high tem per a -

ture con di tions, crys tals were pre cip i tated from the melt and

cumulates were formed. Most no ta bly, P2O5 in crease in ab -

un dance with in creas ing SiO2 is the in di ca tion of frac tion -

ation of crys tal from I-type melts (Chappell and White 1992).

The re verse trend of P2O5 for the stud ied rocks (Fig. 6e) and

the rar ity of cu mu late rocks in the stud ied area fa vor Chap -

pell’s idea. The only point that does not fit the con cept of low 

tem per a ture I-type gran ite is the pres ence of the Zr, Ba, and

La in flec tion pat tern. We in ter pret that the two trends dis -

played on the dif fer ent sides of the in flec tion as rep re sent ing

vari a tion as two kinds of magma evolved sep a rately. The al -

kali feld spar gran ite, which ap peared ear lier, has evolved

with a de creas ing trend, whereas granodiorite, dis plays an

in creas ing trend. On this ba sis, along with the pres ence of

young zir con in her i tance, al kali feld spar gran ite in the Xiao -

jiang-Liangnong com plexes can be ex plained by melt ing of

quartzofeldspathic sources, whereas granodiorite re lates to

the melt ing of mafic source rocks (Chappell et al. 1998), and

all these sources are thought to be formed at the LY syn-

 collisional stage.

8. CON CLU SION

U-Pb zir con ages pro vide im por tant in for ma tion for the

petro gen etic model for the mafic and fel sic gran ites of the

Xiaojiang-Liangnong com plexes. Both the mafic and fel sic

gran ites show two stages of U-Pb zir con age, 117 and 110 Ma

for the for mer and 120 and 114 Ma for the lat ter. Zir con sat u -

ra tion tem per a tures are cal cu lated as 787°C and 763°C for

mafic and fel sic gran ites, re spec tively, con form ing the pre -

sence of high-Ti and low-Ti biotites in these two rock types.

This im plies that mag mas of these I-type gran ites may be

gen er ated by par tial melt ing of pre ex ist ing gra nitic crusts

that com posed of 120 - 117 Ma granitoids, in which the fel -

sic gran ites were de rived from more quartzofeldspathic and

the mafic gran ites, from more dioritic sources. The lower

melt ing tem per a ture of a quartzofeldspathic source can ac -

count for the ear lier for ma tion of fel sic gran ite (114 Ma)

than the mafic gran ites (110 Ma) un der the in creas ing ther -

mal state at con stant underplating of ba sic magma.

MMEs are of two groups, all rep re sent mix ing/min gling

prod ucts be tween the in jected dikes and their host grani -

toids. This is ev i denced by the fact that MMEs en closed in

fel sic gran ites (Type 2) dis play one sin gle U-Pb zir con age

of 103 Ma, but tinged with a dis tinct me dium-K calc-al ka -

line char ac ter. Ear lier in tru sion ren ders a more rapid cool ing

rate of the fel sic gran ites, as ex em pli fied by the Long wang -

tang al kali feld spar gran ite body (~93°C myr-1). In jec tion of

mafic dikes into a cooler en vi ron ment ex plains the crys tal li -

za tion of low-tem per a ture min er als with quench ing tex ture.

Those en closed in mafic gran ites (Type 1) may rep re sent

mafic dike in tru sion at a later time. The host granodioritic

body had been kept to be plas tic as sub jected to a higher geo -

ther mal gra di ent and con stantly heated by the in tru sion of

ba sic magma in an ad ja cent area. This is the rea son for a

slower cool ing rate of the Xiaojiang-Liangnong grano di -

orite (~54°C myr-1). The com mon ex is tence of in her ited zir -

con cores in these granitoids sup port that they were de rived

from par tial melt ing of pre ex ist ing gra nitic crusts. Ear lier

em place ment of fel sic mag mas is the in di ca tion of a lower

melt ing point of quartzofeldspathic sources in a ther mal re -

gime. This sce nario, sim i lar to the re cent ge netic model for

I-type mafic and fel sic gran ites in the LFB, is pro posed to re -

cord the on set of the post-orogenic stage of the Late Yan -

shanian move ment.
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